ABSTRACT This paper presents a simple model to describe experimental data on weak acid transport across planar bilayer lipid membrane separating two buffered solutions. The model takes into account multiple proton-transfer reactions occurring in the unstirred layers (ULs) adjacent to the membrane. Differential equations of the model are shown to be reduced to a set of nonlinear algebraic equations. Since the latter equations depend monotonically on unknown variables, they can be easily solved numerically, using bisection method. For the particular system studied experimentally (with acetate as the weak acid and TRIS + MES as the buffer mixture) pH profiles in the ULs are calculated from the model. These results are compared with experimental data obtained using pH microelectrode. The agreement between theoretical and experimental pH profiles is found to be satisfactory. The most pronounced deviations are observed at the UL/bulk solution boundary. To obtain a better correlation between the theoretical and experimental results, two other, less idealized models are considered. They take into account, respectively, (a) the electric field arising in the ULs from ion diffusion and (b) finiteness of the rates of proton-transfer reactions. However, both acetate membrane fluxes and pH profiles in the ULs computed from these models are found to be close to those of the simple model. One can thus conclude that the difference between experimental and theoretical pH profiles is due to the inconsistency of the generally accepted model of the "unstirred layer", assuming the existence of a strict boundary between the regions of "pure diffusion" and "ideal stirring".
INTRODUCTION
Diffusional ("unstirred") layers (ULs) adjacent to the membrane play an important role in transport of solutes across biological and model bilayer lipid membranes (BLMs) (1) (2) (3) . In many practically interesting cases, diffusion of solutes through the UL is accompanied by chemical reactions. Among these reactions the dissociation/recombination of the protonated forms of permeants and/or components of the buffer mixture appear to be the most important. Numerous physiologically active weak acids and weak bases like nutrients, metabolites, and drugs can be attributed to these kinds of permeants. Since only the electroneutral forms of these substances are permeable through the membrane, the proton-transfer reactions shift the pH near the membrane from its bulk value. For example, the transfer of weak acid across the membrane will cause a depletion of H+ in the UL on the cis side of the membrane and an enrichment of H+ in the trans UL. This dramatically affects the membrane flux (4, 5) . On the other hand, the magnitudes ofthe pH shifts depend upon the buffer concentration which can control the membrane transport to a considerable extent under some experimental conditions (4, 6) . In the present study only homogeneous proton-transfer reactions proceeding in the UL are dealt with; a similar class of processes occurring at the membrane-solution interface (7) (8) (9) (10) stays out of our consideration.
In spite of the important role of buffer-involved proton transfer reactions in the transport of substances through membranes the theoretical and experimental studies available (5, 6, 11, 12) seem to be insufficient. Theoretical considerations were made only for two limiting cases, namely, the case of a system containing an excess ofbuffer and the case where a buffer is absent. For example, Walter and co-workers (6) proposed an algorithm for computing the pH profiles in the absence of buffer. Markin and co-workers ( 11) Let us first consider the transport of solutes across the left-hand (cis) UL. Introduce the coordinate x, 0 < x < 6, directed from the left-hand boundary of the UL towardsthe surface ofthe membrane (Fig. 1 ) . Assume dJi/dx = Ri(c); i = 1, . .. , 10; c = (c,, .C. , c1O), (6) where R, (c) is the specific local rate ofexpenditure ofthe ith species in chemical reactions 2 and 3, The boundary conditions at x = 0 are the known solute concentrations in the cis bulk solution,
, the fluxes of all species are required to be equal to zero except for J3 which satisfies Eq. 1, so that J1 = J2 = J4 = *.* = JIO = 0; J3 = J. (12) For the right-hand (trans) UL, the equations and the boundary conditions are formulated in the same way.
It follows from Eqs. 6 and 7 that:
The local chemical equilibrium assumption made in the first and second model means that C(X)* C2(X) = Kc * C3(X); C(X) * C4(X) = Kw; c1(x).C5(X) = KA'C6(X); C1(x) C7(X) = KB C8(X), (10) where KC = k+I/k-1, KW = k+2 [H20]/Ak2, KA = k+3/k_3 and KB = k+4/k_4 are the equilibrium constants.
Thus, the final system of equations of mass transfer through the left-hand UL is:
(a) for the first model (8 species): 4 equations ( 10) and 4 equations (8) 
Method of computation
Numerical algorithm of solving the equations of the first model is described in the Appendix. We have written a FORTRAN program using this algorithm. If requested, this program will be sent to any researcher (a diskette formatted for IBM compatible computer is required). Moreover, we made similar programs to describe the membrane transport of a weak base and the carrier-induced cation/H+ exchange.
The three-point boundary-value problems corresponding to models 2 and 3 are solved numerically by the Newton finite difference method with the use of the standard computer program DNOKS ( 15) . To do this, the model differential equations are replaced by finite difference equations defined at the uniform mesh with the total number up to 30 points per either UL. I acid-l mM (Fig. 4) and 140mM (Fig. 5) . As expected, l the pH shifts near the membrane decrease with increas-/ ing buffer concentrations. This effect is higher at low / acetate concentrations (Fig. 4) . (Fig. 6 B) . well with each other. At pH 5 the pH shift at the cis side is practically independent of the acetate concentration while the pH shift at the trans side increases substantially is poorly dependent on the pH distribution in the ULs with acetate concentration (Fig. 8) . At pH 7.5 acetate and hence on the bulk buffer concentration.
titrates the pH shifts at both sides ofthe membrane (Fig. Similar calculations from models 2 and 3 are carried 9). Calculated pH profiles at pH 5.0 (Fig. 8 , curve 2 with out. They show that the electric field arisine in the ULs is 70 mM acetate) are convex at the trans and concave at not high for the system at hand (Fig. 7 A) and that the deviations from the local chemical equilibrium can be neglected except for the close vicinity of the membrane surface ( Fig. 7 B, dashed curve) ; small deviations from water equilibrium are observed (Fig. 7 B, solid The measurements of pH shifts near the BLM are carried out by direct method with the help of a pH microelectrode. The system was described in detail in our previous publications ( 13, 14) . It is interesting to point out that basically the same technique was applied independently (21 ) . Briefly, a grass-insulated tip-sensitive antimony pH microelectrode is driven perpendicular to the surface ofthe BLM a further increase from 10 to 70 mM reduces pH shifts significantly. At high acetate concentrations the effect of buffers is not so strong (Fig. 11 ). The variation of the "apparent UL width" is most pronounced at high acetate concentrations (Fig. 11 ).
Figs. 10 and 11, besides, show the best fit curves derived with the help of the phenomenological equation 
(a) Strict UL/bulk solution boundary. The most likely reason for deviations between calculated and measured pH profiles is the inconsistency of the generally accepted model of the UL, where a strict boundary between the regions of diffusion and complete stirring is assumed. If this transition is "smooth", one can expect the existence of a thicker zone where the pH gradually shifts. With this concern we think that further improvement of our model should involve the use of rigorous convective-diffusion equations to describe the distribution of solute concentrations near the membrane as it has already been done in the case of the rotating disk electrode (22) and rotating membrane (23) .
(b) Diffusional potential. Another possible reason for the deviations between theoretical and experimental pH profiles is that in model 1 we neglect the electric field arising from the diffusion of ions with different mobilities. It is known (see for example Denisov et al., 1992) that in some cases these fields can significantly distort distance, ,uM FIGURE 9 Experimental pH profiles near BLM. Acetate concentration at the cis side is 5 mM (curve 1), 20 mM (curve 2) and 87 mM (curve 3). Both the bulk solutions contain 1 mM TRIS, 1 mM MES, 1 mM f3-alanine and 100 mM choline chloride; pH 7.5. The cis solution is unstirred. where x is the distance from the membrane, pHb is the bulk pH value and A, B, and k are the fitting parameters. It is obvious that the experimental and best fit curves coincide very well. The parameter 1/k has a dimension of distance and gives a rough estimate for the thickness of the unstirred layer. Parameter A describes (roughly) the magnitude ofthe pH shift, and B measures deviation of the experimental curve from uniexponential curve.
DISCUSSION
It can be seen in the Results section that model 1 describes fairly well the dependence of experimental pH profiles on the concentration of the buffers and acetate. The major deviations between calculated and experimental pH profiles are observed at the UL/bulk solution boundary. The experimental pH curves are smooth in this region and fitted well by exponential, while theoretical profiles undergo a sharp break at the boundary with "complete stirring" zone. These deviations can be exemplified with pH profiles shown in Fig. 9 , where "the apparent width of the UL" (see Results) depends strongly needs much more sophisticated computations, though additional effects described by these models are not significant for our system. This discussion also shows that the concentration profiles of permeating substances, the most probable reason for the deviation between exwhich finally results in effects similar to "active" trans-perimental and theoretical pH-profiles is the inconsisport and "facilitated" diffusion across a membrane. On tency of the generally accepted model of the "unstirred the other hand, proton-transfer reactions between diffuslayer" assuming the existence of a strict boundary being ions may produce a thin transient layer which shows tween the regions of "pure diffusion" and "ideal stira "brake" or sharp peak of electric field (24) . ring". In our system, the most mobile ion is H +, and its flux It is worth noting that our model 1 has at least two is directed from the cis to trans solution. One can thus advantages compared to the previously used models (6, expect that the electric field in either UL has the opposite 1 1, 12). First, it takes explicit account of buffer mixture direction. If so, the action of the electric field should as a source and sink for protons upon weak acid diffuresult in the displacement of a theoretical pH profile to-sion through the unstirred layer and the membrane. It is wards the left-hand-side solution and hence a better ap-seen from Fig. 10 that the concentration of buffer conproximation of the experimental pH curve. This is why trols the amplitude ofpH shifts near the membrane. Secmodel 2 has been considered in this work.
ond, the validity of our model is tested by comparing the Computations from model 2 showed, however, that experimentally measured pH profiles with theoretical the direction of the electric field in the ULs depends predictions. upon the bulk pH, and its magnitude is too small to alter
We hope that the use of model 1 (and its analogues), the pH profiles significantly (Fig. 7 A) . This is not unex-in spite of some of its imperfections, will enable the repected since experiments are carried out with 100 mM of searchers to achieve better quantitative agreement bebackground electrolyte which decreases the diffusional tween theoretical and experimental data on BLM transpotential.
port and finally to discover better insights into the mecha-(c) Shiftsinlocalchemicalequilibrium. 
where A,,L and B,,L (m = 1...., 4) are the constants of integration.
These constants are determined using the boundary conditions ( 11) and ( 12) . This yields: BIL = DICIL -D2C2L -D4C4L -D5C05L-D7C7L; B2L = D2C2L + D3C3L; B3L = D5C5L + D6C6L; B4L= D7C7L + D8C8L; AIL = A3L= A4L= 0; A2L = J (14) Now, from Eqs. 10 to 14 one obtains two additional algebraic equations linking the quantities J, HL = cl (6) (17) [AceHI_R = (B2r + J 6)/D2 (18) 1 +KCIHR (19) linking the unknowns HL, HR and J.
These equations can be solved easily, if their monotonicity is exploited. Indeed, since the left-hand side of Eqs. 15 and 17 monotonically increases with HL and HR for any given value of J, they can be solved using the bisection method. As a result, one obtains the functions HL = fL(J) and HR = fR(J) (both calculated numerically). By "substituting" these functions into Eq. 19 we derive one nonlinear equation for the desired flux J. Since the right-hand side of this equation monotonically decreases with increasing J, it has a unique solution which can be easily computed using the bisection method.
As soon as the flux J is determined, the profiles ci (x) of solute concentrations in either UL are calculated from Eqs. 15 and 17, where HL and HR are substituted by cl (x) and a is substituted by x. The solution to these equations is obtained by the same method as above.
